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ABSTRACT
SOLAR PHOTOVOLTAIC (PV) ARRAY UNDER PARTIAL SHADING CONDITIONS
Belqasem Aljafari, M.S.
Department of Electrical Engineering
Northern Illinois University, 2016
Donald Zinger, Director
The need for renewable energy sources is growing day by day because of the severe
energy crisis in the world today. Renewable energy sources play a significant role in electricity
generation. Several renewable energy sources (like solar, wind, geothermal, and biomass) can be
used for generation of electricity and for meeting our daily energy demands. Solar energy is the
most viable option for electricity generation because it is available everywhere and is free to
utilize. Solar Photovoltaic (PV) arrays convert the solar energy into electrical energy. With the
current concentration on greener and cleaner sources of power, PV arrays are being used as an
important source of power in many applications. One of the main causes for the reduced energy
yield of many PV systems is a partial shading of PV arrays. The phenomenon of partially shaded
conditions is widespread in all kinds of photovoltaic systems. This thesis proposes an effect of
partial shading on photovoltaic array configurations. This thesis intended to investigate a
schematic to draw out maximum attainable solar power from a PV panel for use in a DC
application. The concept of Maximum Power Point Tracking is to be implemented which results
in a noticeable growth in the efficiency of the Photovoltaic System. Different techniques of
MPPT algorithms are discussed in this thesis namely Neural Network, Open Circuit Voltage,
Short Circuit Current, Fuzzy Logic Control, Perturb and Observe, and Incremental Conductance.
However, the Perturb and Observe is implemented. Therefore, the MPPT algorithm proposed

would identify the appropriate duty ratio in which the DC-to-DC converter should be operated to
get the maximum power output.

NORTHERN ILLINOIS UNIVERSITY
DEKALB, ILLINOIS
AUGUST 2016

SOLAR PHOTOVOLTAIC (PV) ARRAY UNDER PARTIAL SHADING CONDITIONS

BY
BELQASEM ALJAFARI
©2016 Belqasem Aljafari

A THESIS PROPOSAL SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE
MASTER OF SCIENCE

DEPARTMENT OF ELECTRICAL ENGINEERING

Thesis Director:
Donald Zinger

ACKNOWLEDGMENTS
First of all, I would like to express my sincere gratitude to my thesis advisor, Prof.
Donald S. Zinger, Head of the Department of Electrical Engineering, for believing in me and
giving me this opportunity to carry out my thesis project. I am thankful to Professor Zinger for
his thorough guidance, constant encouragement, and altruistic support for all these years, and for
his ever-ready attitude to render help even when he was busy with many other crucial things. He
has been instrumental in the success of this thesis.
From the bottom of my heart, I express my gratitude to our beloved faculty members of
the Electrical Engineering Department at Northern Illinois University for their affection, support,
and encouragement. I am very thankful to Dr. Michael J. Haji-Sheikh and Prof. Mansour
Tahernezhadi for providing the solid background for my studies through their exemplary
classroom teaching and for their valuable suggestions and help. They have been great sources of
inspiration to me.
Moreover, I am indebted to my parents whose love and confidence in me helped me
complete graduate studies with relative ease. The profound support from my parents, siblings,
wife and my entire family cannot be overemphasized.
I would also like to express my gratitude toward all the people who have contributed their
precious time and efforts to help me in completing this thesis.
I would like to thank wholeheartedly my darling, HANEEN, for her support and patient.
She has listened to, reflected on, and supported me in every possible way for the past two years.

iii
Completing this thesis would not have been possible without her.
Last, but not least, I would like to thank the Almighty God, for his love and elegance. It
would be impossible for me to have completed any educational success. I would like to thank
God, for bestowing this blessed opportunity on me.

TABLE OF CONTENTS
Page
LIST OF TABLES ........................................................................................................................ vii
LIST OF FIGURES ..................................................................................................................... viii
NOMENCLATURE ..................................................................................................................... xii
Chapter
1.
1.1

Introduction ...................................................................................................................... 1

1.2

Different Sources of Renewable Energy .......................................................................... 3

1.2.1

Solar Energy.............................................................................................................. 3

1.2.2

Wind Energy ............................................................................................................. 4

1.2.3

Geothermal Energy ................................................................................................... 4

1.2.4

Biomass Energy ........................................................................................................ 5

1.2.1.1 Advantages of Solar Energy ................................................................................... 5
1.2.1.2 Limitations of Solar Energy .................................................................................... 6
1.3 Thesis Objective ................................................................................................................... 7
1.4 Thesis Layout ...................................................................................................................... 8
2 LITERATURE REVIEW ............................................................................................................ 8
3. ORGANIZATION OF PV SYSTEM ....................................................................................... 11
3.1 Introduction of Photovoltaic System .................................................................................. 11
3.2 Relationship among PV Cell, Module and Array ............................................................... 11

Chapter

v
Page

3.2.1 Photovoltaic Cell.......................................................................................................... 12
3.2.2 Photovoltaic Module .................................................................................................... 12
3.2.3 Photovoltaic Array ....................................................................................................... 13
3.3 Working Principle of PV Cell ............................................................................................. 13
3.4 Characteristics of PV Cell................................................................................................... 15
3.3.1 Open Circuit Voltage ................................................................................................... 18
3.3.2 Short Circuit Current.................................................................................................... 19
3.4 Photovoltaic Applications ................................................................................................... 21
3.5 Solar PV Array under Partial Shading Condition ............................................................... 22
3.6 Non-Uniform Irradiance of Solar PV Array ....................................................................... 25
4. MAXIMUM POWER POINT TRACKING METHOD FOR PV ARRAY UNDER
PARTIALLY SHADED CONDITION .................................................................................. 26
4.1 Importance of MPPT for Photovoltaic Systems ................................................................. 26
4.1.1 Maximum Power Point Tracking ..................................................................................... 27
4.2 Neural Network ................................................................................................................... 29
4.3 Open Circuit Voltage .......................................................................................................... 29
4.4 Short Circuit Current........................................................................................................... 30
4.5 Fuzzy Logic Control ........................................................................................................... 30
4.6 Perturb and Observe (P&O) ................................................................................................ 31
4.7 Incremental and Conductance ............................................................................................. 32
4.8 DC-DC Converters.............................................................................................................. 35
4.8.1 Buck-Boost Converter ................................................................................................. 37

Chapter

vi
Page

4.8.1.1 Mode 1 operation of the Buck-Boost Converter ................................................... 38
4.7.1.2 Mode 2 operation of the Buck-Boost Converter ................................................... 38
4.7.2 Buck-Boost Converter With MPPT ............................................................................. 39
5. SIMULATION AND RESULTS.............................................................................................. 40
5.1 PV Panel.............................................................................................................................. 43
5.1.1 Characteristic: .............................................................................................................. 43
5.2 Maximum Power Point Tracking (MPPT).......................................................................... 48
5.3 4 Panels Connected in Series with Constant Temperature ................................................. 51
5.4 4 Panels Connected in Series with Constant Irradiations .................................................. 57
5.5 4 Panels Connected in Parallel with Constant Temperature ............................................... 57
5.6 4 Panels Connected in Parallel with Constant Irradiations ................................................. 57
6. .................................................................................................................................................. 70
6.1 Conclusion .......................................................................................................................... 70
6.2 Future Research ............................................................................................................... 72
REFERENCES ............................................................................................................................. 73

LIST OF TABLES
Table

Page

4.1 Characteristics of Different MPPT Techniques ...................................................................... 35
5.1 Characteristics of PV Module ................................................................................................. 44
5.2 Comparison the Output Results of the Panels between the Series and Parallel...................... 72

LIST OF FIGURES
Figure

Page

1.1: P-V curves of PV array under partial shading condition ........................................................ 3
1.3: Wind energy. ........................................................................................................................... 4
1.4: Biomass energy. ....................................................................................................................... 5
3.1: Relationship among PV cell, module and array. ................................................................... 13
3.2: Working principle of PV cell. ................................................................................................ 14
3.3 Equivalent circuit model of a solar cell.. ................................................................................ 17
3.4: Characteristic of PV cell. ....................................................................................................... 17
3.5: PV cell has three important operating points. ........................................................................ 17
3.6: Open circuit voltage. .............................................................................................................. 18
3.7: Open circuit voltage. ............................................................................................................. 19
3.8: I-V characteristics with varying series resistance at fixed illumination. .............................. 20
3.9: I-V characteristics with varying shunt resistance at fixed illumination................................. 21
3.10: Partial shaded of module...................................................................................................... 23
3.11: I-V and P-V characteristic of the solar array. ...................................................................... 24
3.12: P-V curves of PV array under partial shading condition. .................................................... 24
3.13: General block diagram of an MPPT system ........................................................................ 25
4.1: Need for MPPT ...................................................................................................................... 27
4.2: MPPT technique with solar cell ............................................................................................. 29
Figure

Page

ix
4.3: Flowchart of Perturb and Observe (P&O) methods............................................................. 32
4.4: Flowchart of Incremental conductance method. ................................................................... 34
4.5: DC-DC converter with the PV interface. .............................................................................. 36
4.6: DC-DC converters diagram commonly used ........................................................................ 36
4.7: DC-DC Buck-boost converter. ............................................................................................. 37
4.8: On-state operation of a buck-boost converter. ...................................................................... 38
4.9: Off-state operation of a buck-boost converter. ..................................................................... 38
4.10: PV system with buck-boost converter incorporated. .......................................................... 40
4.11: P-V characteristics of the PV system while changing of duty cycle. ................................. 41
5.1: The main circuit for the system. ........................................................................................... 42
5.2: Type of PV array that used in simulation is 1Soltech 1STH-215-P. .................................... 43
5.3: I-V and P-V characteristic of PV array. ................................................................................ 44
5.4: I-V and P-V characteristics of 4 panels connected in series. ................................................ 45
5.5: I-V and P-V characteristics of 4 panels connected in parallel. ............................................. 45
5.6: I-V and P-V characteristics of the panel at constant temperature and at different
irradiation value ..................................................................................................................... 46
5.7: I-V and P-V characteristic of panel ...................................................................................... 47
5.8: MPPT diagram. ..................................................................................................................... 48
5.9: Design inside the MPPT algorithm with duty cycle. ............................................................ 48
5.10: Buck-boost converter. ......................................................................................................... 50
5.11: 4 panels connected in series with G= ................................................................................. 51
5.12: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.11.. .............................................................................................................................. 51

Figure

x
Page

5.13: : Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.11. ............................................................................................................................... 52
5.14: 4 panels connected in series with one panel irradiated with 700 W/m2 while the other three
panels are irradiated with 1000 W/m2 and constant temperature. ................................................ 53
5.15: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.14.. .............................................................................................................................. 53
5.16: 4 panels connected in series with one panel irradiated with 700 W/m2 while the other three
panels are irradiated with 1000 W/m2 and constant temperature.. ............................................... 53
5.17: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.16 ................................................................................................................................ 54
5.18: 4 panels connected in series with one panel irradiated with 800 W/m2 while the other three
panels are irradiated with 1000 W/m2 and constant temperature. ................................................ 55
5.19: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.18. ............................................................................................................................... 55
5.20: 4 panels connected in series with one panel irradiated with 800 W/m2 while the other three
panels are irradiated with 1000 W/m2 and constant temperature. ................................................ 56
5.21: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.20. ............................................................................................................................... 56
5.22: 4 panels connected in series with one panel irradiated with 900 W/m2 while the other three
panels are irradiated with 1000 W/m2 and constant temperature. ................................................ 57
5.23: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.22. ............................................................................................................................... 57

xi
5.24: 4 panels connected in series with constant 1000 W/m irradiation and 10 C temperature. 58
2

5.25: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.24. ............................................................................................................................... 59
5.26: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.24. ............................................................................................................................... 60
5.27: 4 panels connected in series with constant 1000 W/m2 irradiation and 10 C temperature. 61
5.28: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.27. ............................................................................................................................... 61
5.29: 4 Panels two of them connected in parallel and two in series with one panel irradiated at
800 W/m2 and the other three at 1000 W/m2. ............................................................................... 62
5.30: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.29. ............................................................................................................................... 63
5.31: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.29. ............................................................................................................................... 63
5.32: 4 panels two of them connected in parallel and two in series with G=700 W/m2 in one
panel while the other three panels had G= 1000 W/m2 and constant temperature. ...................... 64
5.33: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.32. ............................................................................................................................... 64
5.34: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.32. ............................................................................................................................... 65
Figure

Page

5.35: Panels two of them connected in parallel and two in series all with G=1000 W/m2 and
constant temperature........................................................................................................... 66

xii
5.36: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.35. ............................................................................................................................... 66
5.37: 4 Panels two of them are connected in parallel and two in series with T= 25C in all panels.
............................................................................................................................................ 67
5.38: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.37. ............................................................................................................................... 68
5.39: 4 Panels two of them are connected in parallel and two in series with one panel at T= 10C.
....................................................................................................................................................... 69
5.40: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.39. ............................................................................................................................... 69
5.41: 4 Panels two of them are connected in parallel and two in series with T= 50C in one panel.
....................................................................................................................................................... 70
5.42: Waveforms of the output power of the panel (blue )and the system (red) based on system
in Figure 5.41. ............................................................................................................................... 71

NOMENCLATURE
MPP…………………………………………………………Maximum power point.
OC ...……………………………………………………….. Open-circuit.
PV …………………………………………………………. Photovoltaic.
SC ...…………………………………………………….…. Short-circuit.
G .…………………………………………………………. Irradiance.
I .…………………………………………………………. Current of a PV cell/module/array.
Iph ………………………………………………………… Light-generated current.
ISC………………………………………………………… Short-circuit current.
P…………………………………………………………… Power of a PV generator.
VPV…………………………………………………………. Terminal voltage of the cell [V]
ID .……………………………………………………….... Diode current [A]
Io .………………………………………………………….. Saturation current [A]
Ish .……………………………………………………….… Shunt current [A]
N .…………………………………………………….…….. Ideality factor
q .…………………………………………………….……. Electron charge [C]
K .…………………………………………………….…….. Boltzmann’s constant
T .…………………………………………………….…….. temperature [K]
Rs .…………………………………………………….…….. Series resistance [Ω]
Rsh .…………………………………………….…………….. Shunt resistance [Ω]

CHAPTER 1
1.1 Introduction
The call for energy is rising day by day with the growth of the world’s population. While
the growth of increasing energy demand and conventional energy sources face shortages and
environmental impacts, there has been more attention to utilizing renewable energy. Solar energy
has been selected as the most abundant resource for future energy and is becoming a strong
competitor to fossil fuel. Solar energy is an important method of generating clean energy because
solar energy is free, abundant, feasible, and environmentally friendly. However, fossil fuels have
a lot of drawbacks, such as decreasing reserves and pollution. On the contrary, renewable energy
sources are recognized as being much cleaner and producing energy without causing pollution.
Traditional generation is one of the leading causes of environmental pollution and
negatively impacts human health from greenhouse gas emissions [8]. An alternative method of
generation supports existing conventional generation during peak hours. In particular, renewable
energy technologies have become widely known as a vital contribution to the demand for a
sustainable energy future. Consequently, it is absolutely necessary to find an alternative method
of generation to protect the environment and health from the impact of the conventional energy.
Solar cell, also called photovoltaic (PV) cell, is a device that converts solar radiation into
electricity. When connected together photovoltaic cells form a module, and connecting a number
of modules can contribute to form a solar array [10]. The PV array contains a number of modules
linked in series or parallel topologies. With different levels of irradiation during the day, the
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array output can change in a wide range [2]. Even though there are many advantages to solar
energy, there are some challenges that prevent its growth. The two primary challenges are low
efficiency and many local maxima power. Using Maximum Power Point Tracking (MPPT) is a
good technique to improve the efficiency of the PV System. The PV system can operate at
maximum power using MPPT. In fact, it can be easy to find the maximum power in a nonlinear
P-V curve under constant insolation by conventional popular MPPT methods. However, it can be
very difficult for MPPTs to track the real MPP under partially shaded conditions because of the
multiple local maxima, which can be noticeable on P-V characteristic curve as shown in (Figure
1.1) [5].
Although a drawback of using a PV source is tackling its nonlinear output characteristics,
which vary with solar isolation, shading, temperature, and array configuration, photovoltaic
sources are being utilized more and more in several applications. If the complete array does not
receive uniform insolation, the characteristics become more complex, as in partially shaded
conditions. Therefore, this will reduce the efficacy of the existing maximum power point
schemes due to their inability to distinguish between the local peaks and global peak [7]. The
varied insolation and temperatures under partially shaded conditions cause a non-linear I-V
characteristic of a PV system; the P-V characteristic becomes more complicated with multiple
peaks.
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Figure 1.1: P-V curves of PV array under partial shading condition. [5]
1.2 Different Sources of Renewable Energy
1.2.1

Solar Energy

Solar energy is at the forefront of clean energy, and it is an obvious example of
renewable energy that comes purely from a natural source and harnessing energy from the sun.
Solar energy is predominant all over the globe and all the time. It is the most direct way to
convert solar radiation into electricity based on the photovoltaic cell effect; 120,000 TW is the
radiation level that is deposited from the sun onto the surface of the Earth, which far exceeds
human needs. Solar energy can be exploited in three major ways, namely the captured heat,
which can be utilized as solar thermal energy; the conversion of incident solar radiation into
electrical energy, which can be achieved with the assistance of solar photovoltaic cells, and the
storage of solar energy as heat [14]-[15].
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1.2.2 Wind Energy
Wind energy can be used for near-term (2020) and long-term (2050) greenhouse gas
(GHG) emission reductions. Even though numerous wind energy applications are available
everywhere, the primary use of wind energy is producing electricity from larger grid-connected
wind turbines. Moreover, the average wind speeds depend on two factors, which are the location
and the wind velocity [21].

Figure 1.3: Wind energy. [21]

1.2.3 Geothermal Energy
Geothermal energy exists everywhere under the Earth’s surface. A massive amount of
heat annually flows from the Earth into the atmosphere. The Earth is an abundant source of
thermal energy, and it produces heat at depth continuously. Then this heat goes to and through
the Earth’s surface, where it flees into the atmosphere. This tremendous amount of heat can be
harnessed to generate electricity by heating water to produce superheated steam and to run vapor
turbines [11].
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1.2.4 Biomass Energy
Biomass is used to describe all organic matter that exists on the earth’s surface. It
includes all water, vegetation, trees, and waste biomass such as municipal solid waste, sewage,
animal wastes, forestry and agricultural residues. Plants catch the energy from the sun by
converting carbon dioxide from the ground into carbohydrates through the procedure of
photosynthesis. Generally, biomass is based on existing biomasses in nature and on applications
as resources [18].

Figure 1.4: Biomass energy. [18]
1.2.1.1 Advantages of Solar Energy
Solar energy systems offer many advantages, including the following:
Ø It is a plentiful renewable energy and omnipresent.
Ø It is a non-polluting technology.
Ø It does not release greenhouse gases.
Ø It is a noiseless technology because there are no moving parts involved in energy
generation.
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Ø It does not require virtually high maintenance because of the lack of moving parts.
Ø It is safe and clean.
Ø It operates cost-effectively in remote areas and for many residential and commercial
applications.
Ø It is flexible and can be expanded at any time to meet electrical needs [9].
1.2.1.2 Limitations of Solar Energy
The efficiency levels to convert from light to electricity are in the range of 10 to 17% relying
on the technology used as the technology is in an evolving stage. The initial exploitation cost of
this technology is very high. These days, the technology is surviving because of subsidy schemes
available by the government. As a matter of fact, solar energy is available only during the
daytime. On the other hand, load profiles indicate peak load in the evening. This necessitates
expensive storage devices as a battery, which requires more maintenance and replacement every
three to five years. Solar energy heavily relies on atmospheric conditions. Solar insolation is
different from location to location. Therefore, there are certain geographic limitations for
generating solar powers [9].
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1.3 Thesis Objective
The main objective of this thesis is to investigate the output power of a solar photovoltaic
array when the partial shading condition hits one panel of the array, which is a group of panels.
In addition, the primary importance was to obtain the maximum power point operation by
modeling the solar PV array in MATLAB and interfacing with the MPPT algorithm.

Taking a look into the background of a solar photovoltaic array and giving details on the
different schemes of MPPT. Additionally, demonstrate the MPPT for partial shading that will
affect the outputs from the solar panel, and track the MPP of the panel under partial shading
condition will be examined.
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1.4 Thesis Layout
This thesis work is arranged into 6 chapters, which are briefly presented in the following.
CHAPTER 1: It shows a brief overview of the topic, different sources of renewable energy,
objectives, and thesis layout.
CHAPTER 2: It consists of literature review on two solar PV array, partial shaded conditions,
and maximum power point tracking.
CHAPTER 3: It gives the organization of PV system, and the relationship between the solar cell,
module, and array. It shows the equivalent circuit for solar cell and demonstrates the
characteristics of solar cell. Modeling of PV cells and arrays presents the most commonly used
solar cell models, PV module performance parameters, background information on the
characteristics of solar panels, and Solar PV Array under Partial shading condition.
CHAPTER 4: It shows the importance of Maximum Power Point Tracking method, and MPPT
for PV Array under Partially Shaded Conditions. Also, MPPT is provided with basic of buckboost converter.
CHAPTER 5: Simulation and results of applying 4 panels connected in series and parallel with
constant irradiations and temperature, and with variable irradiations and temperature.
CHAPTER 6: Conclusion.

CHAPTER 2
LITERATURE VIEW
Photovoltaic (PV) power generation has shown remarkable prospects for supplying
renewable and environmentally friendly energy. According to the REN21 report, the global
operation of solar power generation has increased noticeably from 100 GW in 2012 to 139 GW
in 2013. Even though the process of developing solar cell design and fabrication is continuously
improving the efficiency of energy conversion, improvement using the maximum power point
tracking (MPPT) approach for optimizing the operating condition of PV system is important to
empower the solar energy generation [19].
The Maximum Power Point Tracking (MPPT) approach is used to track the maximum
power point (MPP), which ensures that the maximum power can be extracted regardless of the
daily changes in irradiance and temperature. Recently various studies have been carried out on
MPPT approaches focusing on partially shaded conditions (PSC). Practically, multiple PV panels
are connected in series or parallel to create a solar farm with proper voltage and capacity of
loading current.
The studies in [34] and [10] show that the PSC is inescapable because each PV panel in
the array can receive different levels of irradiation due to shadow effects from clouds, buildings,
dust, etc. Furthermore, when the PV array is under partially shaded conditions, the array
characteristics become more complex with multiple MPPs.
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The shade and mismatch impact on PV systems have previously been studied, both with
and without the use of DC-to-DC. Much literature exists on the topic of solar photovoltaic arrays
under partial shadow condition. The study in [16] proposed conventional MPPT methods that are
effective under steady solar irradiance. Nevertheless, under partially shaded conditions, these
MPPTs fail to track the real MPP because of the multiple local maxima, which can exist on a PV
characteristic curve under partially shaded conditions. Notwithstanding, some researchers have
worked on real MPP tracking under partial shading conditions, and they have found the methods
have some drawbacks with the complexity and requirement of additional circuits. The authors in
this paper show a new method to track the real MPP under partially shaded conditions, which is a
novel MPPT method that is the primary objective of this paper [16].

CHAPTER 3
ORGANIZATION OF PV SYSTEM
3.1 Introduction of Photovoltaic System
Photovoltaic (PV) cells provide an environmentally friendly a source of electricity as
renewable energy. A photovoltaic solar system consists of solar modules or arrays to absorb and
convert sunlight into electricity. Grid-connected PV system applications mainly composed of
five components: a PV (module or array) that converts solar energy into electric energy, a dc-dc
converter that converts low dc voltages generated by the PV arrays into a high dc voltage, an
inverter that converts the high dc voltage to an ac voltage, an MPPT digital controller that
controls the converter operation, an ac filter that absorbs voltage, and current harmonics
generated by the inverter [20].
3.2 Relationship among PV Cell, Module and Array
Photovoltaic cells are the basic building blocks for construction of PV power systems.
Typically, the amount of power delivered by a PV cell is limited to a few watts because of the
surface area limitations. This low power is not enough to reach hundreds of watts. Thus, PV cells
are connected in series or parallel to form a PV module. In a similar way, it is possible to link a
group of PV modules (series, parallel or both) to produce desired current ad voltage, called PV
arrays, whose power range is established from kilowatts to megawatts [14].
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3.2.1 Photovoltaic Cell
A PV cell is a p-n semiconductor junction, and the most common type of cell is made
from silicon. A thin semiconductor layer is specially treated to form an electric field, positive on
one side and negative on the other. When the light energy of the sun hits the solar cell, this
electrical field performing in a flow of current while the solar cell is linked to an electrical load.
This conversion from solar radiation into electricity occurs by a photoelectric effect. Because of
the low voltage that is generated in a PV cell, which is around 0.5V, numerous PV cells are
connected electrically in parallel for high current and series for high voltage [16].
3.2.2 Photovoltaic Module
The combination of PV cells sealed in an environmentally protective laminate-called PV
module will produce an appreciable amount of electrical power. A PV module, which is known
as a panel, is a grouping of cells. The main advantage of PV modules is that there are no moving
parts, so there is no noise or emissions. Basically, PV cells are connected in parallel or series to
shape a PV module for the desired output, as shown in Figure 3.1. In fact, the power output of
one module is not sufficient to achieve the demand for power in a home or business. There are
two methods of connecting the modules in a PV array: in series to obtain the desired voltages or
in parallel to allow the system to produce more current [23].
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3.2.3 Photovoltaic Array
A photovoltaic array is a correlation of modules, made up of many PV cells in either
series or parallel. The single PV module is seldom enough for commercial use. Consequently,
the PV array consists of many modules in a system. Additionally, these modules can be
connected in series to increase voltage or in parallel to increase current on a single rack or
multiple racks. Therefore, the PV array fulfills the requirement of power load [9].

Figure 3.1: Relationship among PV cell, module and array. [9]
3.3 Working Principle of PV Cell
The working principle of a PV cell is based on the effect of photoelectric, which is the
conversion from solar radiation into electricity. A photoelectric impact can be defined as a
phenomenon in which an electron is forced out of the conduction band as a result of the
absorption of sunlight. Absorption of sunlight generates an electron and hole pair. Then the
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electron and hole-pair are divided by the structure of the device. The electrons go to the negative
terminal and holes to the positive terminal. Accordingly, the electrical power is generated. This
process is seen in Figure 3.2, which shows the principal features of the typical solar cells in use
today [17]. PV cells are composed of various semiconductor materials. Silicon has been the only
material that used for manufacturing solar cells over the past decades. Even though there are
other materials and techniques have been developed, silicon is still used in more than the 80% of
the productions. Silicon is so widespread because it is one of the most abundant materials in the
Earth’s crust, in the form of silicon dioxide. There are three major types of silicon solar cells,
which are a mono-crystalline, poly-crystalline, and amorphous silicon solar cells. The monocrystalline and polycrystalline are the most types used. The amorphous is less used, and its
efficiency is very low. The modern solar cells are made of copper indium gallium (di) selenide
(CIGS) or cadmium telluride (CdTe). [3].

Figure 3.2: Working principle of PV cell. [3]
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3.4 Characteristics of PV Cell
A single PV cell is a photodiode. Typically, the single cell equivalent circuit can be
modeled by a current source dependent on irradiation and temperature in parallel with an
inverted diode that conducts reverse saturation current. However, no solar cell is ideal, and that
means shunt and series resistances are added to the model as shown in Fig.3.3. Series resistance
(R ! ) is due to hindrance in the path of flow of electrons from the n to p junction, and it has
intrinsic series resistance whose value is small. Shunt resistance (R !" ) is due to the leakage
current, which has a very high value [36].

Figure 3.3 Equivalent circuit model of a solar cell.
The electrical equivalent circuit of solar cells is as seen in Figure 3.3. The current equation in its
simplest form for the equivalent circuit can be written as:
I!" = I! − I! − I!"
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Where, I!" is the photocurrent generated in the cell and I! is the current through the diode (D). I!
can be substituted with the diode equation as:
I! = I! I! 𝑒

! !!" !!! !!"
!"#

−1

Therefore, current from the solar cell can be written as:
I!" = I! − I! 𝑒

! !!" !!! !!"
!"#

−1 −

𝑉!" + 𝑅! 𝐼!"
𝑅!"

The above equation represents ideal current from the solar cell excluding the parasitic effects. In
a real solar cell, there will be a certain amount of leakage of currents through shunt resistance
R !" .
Where I!" is photocurrent, I! is initial current, R ! is series resistance of solar cell, R !" is shunt
resistance of solar cell, q is the electric charge (1.602 × 10^-19 C), N is diode ideality factor, k is
Boltzmann constant (1.38 × 10-23 J/K), T is temperature (in Kelvin).
When it comes to PV energy generation, PV array characteristics play a major role. These
characteristics vary from one model to another. A PV characteristic has three essential points,
namely open circuit voltage (VOC), short circuit current (ISC) and maximum power point (VMPP,
IMPP) as seen in Figures 3.4 and 3.5, respectively [28].
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Figure 3.4: Characteristic of PV cell.
The IPV-VPV operating characteristic of a solar cell can be seen above in Figure 3.4. The
PV array is composed of some individual PV cells that are connected together to gain a suitable
power rating. The characteristic of the PV array can be determined by multiplying the current by
the number of cells connected in parallel and multiplying voltage of an individual cell by the
number of cells connected in series [34].

Figure 3.5: PV cell has three important operating points.
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3.3.1 Open Circuit Voltage
The open circuit voltage (VOC) has occurred when there is no current passing through the
cell.
At I = 0, Voltage = VOC
VOC is the maximum voltage difference across the cell for a forward-bias sweep in the power
quadrant. For forward-bias power quadrant, VOC = VMAX
Point A on Figure 3.5 illustrates the open circuit voltage. An open circuit voltage with a
neglected shunt current represents in Figure 3.6.

Figure 3.6: Open circuit voltage.
I! − I!

𝑞𝑉!"
=0
𝑒 !"# − 1

𝑉!" =

𝑛𝐾𝑇 𝐼! + 𝐼!
ln[
]
𝑞
𝐼!
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3.3.2 Short Circuit Current
The short circuit current (ISC) has occurred when the voltage equals zero.
At V=0, I = ISC
ISC happens at the beginning of the forward-bias sweep and is the maximum current value in the
power quadrant. For forward-bias power quadrant, ISC = IMAX = Iℓ
Point B on Figure 3.5 illustrates the short circuit current. A short circuit current with the series
resistance RS neglected is represented in Figure 3.7.

Figure 3.7: Open circuit voltage.
I!" = I!
The performance of a PV module is affected by the choice of parasitic elements included
in the model. An accurate knowledge of the series resistance and shunt resistance is particularly
important for modeling PV modules behavior [31]. The effect of varying series resistance and
shunt resistance on the I-V characterization is demonstrated in Figures 3.8 and 3.9 on a single
solar cell.
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Figure 3.8: I-V characteristics with varying series resistance at fixed illumination. [16]
The illumination level across the cell is set at maximum. Parametric analysis is carried
out by varying the series resistance RS from .05 Ω to 0.5 Ω. In the case of open-circuit voltage,
the RS does not affect a solar cell because of the current that flows through the solar cell is zero.
However, the effect of RS takes place due to the short-circuit conditions. The merge load
resistance and series resistance are in parallel with the diode in the solar cell model. As the value
of RS is increased, the voltage across it proportionally increases [4]. As a result, the voltage
across the diode increases. A larger portion of the photonic current flows through the diode since
the diode current is an exponential function of its voltage. So the output current decreases. Thus,
the current flowing through the diode RS is not constant and varies with electrical load and
illumination or percentage of shading across the cells. Series resistance is a particular problem at
high current densities, for instance under concentrated light [16].
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Figure 3.9: I-V characteristics with varying shunt resistance at fixed illumination. [30]
Similar to the previous case, a full illumination level is maintained across the solar cell.
Parametric analysis is done by varying the shunt resistance RSH from 0.1 Ω to 10 Ω. As can be
seen above in Figure 3.9, the effect of shunt resistance RSH is more distinguished at the open
circuit conditions than the short circuit. Additionally, the shunt resistance is in parallel with the
series combination of series resistance and load resistance. The overall output resistance is
reduced due to the reduction of shunt resistance. Thus, the voltage drops across it and the parallel
diode in the solar cell decreases. The output voltage across the load is reduced. The I-V curves
become progressively worse with a drop in shunt resistance RSH [30].
3.4 Photovoltaic Applications
Solar technologies are widely competent as either passive or active depending on the way
they catch, change over, and distribute sunlight. Photovoltaic systems have been using an
assortment of applications. Solar power is used in watches, calculators, lanterns, fans, radios and
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outdoor lights. Stand-alone systems are a useful application of PV systems because they use
power as it is produced [22].
•

Lighting: The availability of low power DC has made PV systems an ideal source for
lighting in remote places such as streetlights, information signs, parking lots, and
homes.

•

PV systems are used in communications systems: transmitters, cellular phones,
portable computers, satellites, mobile radio systems, etc.

•

Informative signs such as highway warning alarms, railroad signs, navigational
beacons, aircraft beacons cannot be connected to utility grids.

•

Water Pumps can be directly operated to provide water for irrigation, village water
supply or for livestock.

•

Vehicles: Solar power can be used to charge vehicle batteries.
3.5 Solar PV Array under Partial Shading Condition

It is a well-documented fact that the output power capacity will be reduced by a partial
shading of a photovoltaic array; however, the reduction in energy production cannot be
determined in a direct method, as it is frequently not proportional to the shaded area. Some of
the previous studies supposed that the decrease in power production is proportional to the shaded
area and reduction in solar irradiance as well. In actuality, this concept is valid for just a single
cell. The power reduction at the array level is predominantly far away from linearity with the
shaded portion [6].
Numerous factors can influence the performance of a photovoltaic (PV) system. One of the
most significant factors is shading. Shading indicates a shadow on the PV modules on the outer
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surface that will decrease the system energy yield. As a consequence, the three fundamental PV
module characteristics of power, voltage, and current will be affected [25]. With changing
irradiation during the day, the array output varies in a wide range. This variation of array output
is expected. However, uniform lighting concentration in a panel is not roughly satisfied due to
unexpected shading effects caused by dust, clouds, trees, buildings, atmosphere fluctuation, an
existence of clouds, and daily sun angle changes causing shading on cells or side of modules as
shown in Figure 3.10. Shade impact depends on module type, fill factor, bypass diode placement
gravity of shade, and string configuration. Power loss happens from the shade as well as current
mismatch within a PV string and voltage mismatch between parallel strings [1]-[2].

Figure 3.10: Partial shaded of module. [1]
PV solar panels are very sensitive to shading. In PV systems, it is virtually impossible to
utterly avoid shading [26]. Looking at the electrical characteristics of PV solar panels, partial
shading effect results in a distortion of the overall I-V and P-V curves of the PV solar panels. As
a result, the I-V and P-V characteristics of the solar panels become more complex with existing
multiple maximum power points (MPP) under the non-uniform irradiance conditions. This effect

24
can be considerably different in shape compared to a normal unshaded curve as seen in Figures
3.11 and 3.12 respectively.

Figure 3.11: I-V and P-V characteristic of the solar array.

Figure 3.12: P-V curves of PV array under partial shading condition. [32]
The total output power of a PV module will be reduced by a shadow falling on it from
two mechanisms, which are reducing the energy input and increasing energy losses. Even though
only one cell is shaded in the PV module, around 30% power loss will happen. The power losses
will increase proportionally to the number of shaded cells. A partial shading problem results in a
deformity of the overall I-V curve, and this impact can be illustrated by the mismatch between
the individual modules’ I-V curves [32].
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3.6 Non-Uniform Irradiance of Solar PV Array
The operation of PV solar panels is strongly affected by environmental conditions such as
irradiance and temperature of the PV cells. Under uniform conditions, the nonlinear electrical
characteristics of PV panels have only one point at which the maximum power can be obtained.
Non-uniform irradiance can have a significant effect on the operation and energy yield of the PV
panels.
In the case of non-uniform irradiance of solar PV array, the power loss will increase
proportionally to the number of shaded cells [28]. As a consequence of a non-uniform irradiance,
overheating of shaded cells will appear. In addition, the overall PV system efficiency becomes
degraded due to the power loss that leads to reducing the energy yield as well [28]. If the system
is not suitably protected, a hot-spot problem can emerge, and in several cases, the system can be
irreversibly destroyed [7]. To overcome those problems, a DC-DC converter is connected to a
PV array output to behave as a constant input power load, as shown in Figure 3.143

Figure 3.13: General block diagram of an MPPT system.

CHAPTER 4
MAXIMUM POWER POINT TRACKING METHOD FOR PV ARRAY UNDER
PARTIALLY SHADED CONDITION
4.1 Importance of MPPT for Photovoltaic Systems
Solar radiation that hits the photovoltaic modules has a variable character depending on
the position, the direction of the solar field, the season, and the hour of the day. During the
trajectory of a day, a shadow may be decanted on the cell, which may be contemplated, as in the
case of a building near the solar field, or unforeseeable as those created by clouds. The
breakthrough of PV systems as distributed power generation systems has increased drastically in
the last few years. Because of this Maximum Power Point Tracking (MPPT) is becoming more
and more substantial as the amount of energy generated by PV systems is increasing. A MPPT
technique must be used to track the maximum power point since the MPP depends on solar
irradiation and cell temperature. In general, when the impedances of the load and source are
matched, the maximum power is transferred to the load from the source only. The generated
energy from PV systems must be maximized, as the efficiency of solar panels is low. For that
reason to get the maximum power, a PV system is repeatedly equipped with an MPP tracker.
Several MPP pursuit techniques have been proposed and implemented in recent years [10].
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Figure 4.1: Need for MPPT.
4.1.1 Maximum Power Point Tracking
The use of the recently developed power control mechanisms, called Maximum Power
Point Tracking (MPPT) algorithms, has led to increasing the efficiency of operation of the solar
modules. Therefore, MPPT is efficient in the field of exploitation of renewable sources of energy
[MPPT technics]. Maximum power point tracking is a DC-to-DC converter that optimizes the
match between the solar array (PV modules) and the battery bank or utility grid. It converts a
higher voltage DC output from solar PV arrays or modules down to the lower voltage needed to
charge batteries and vice versa. Maximum Power Point Tracking is an electronic arrangement
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that routinely finds the voltage (VMPP) or current (IMPP) at which PV modules should operate to
achieve maximum power output (PMPP) under partial shading condition. It runs the PV modules
in a way that allows the modules to generate all the power they are capable of producing [13].
MPPT is an electronic tracking system, whether digital or analog. There are many
approaches to find and track the maximum power point for PV cells. For instance, neural
network, open circuit voltage, short circuit current, fuzzy logic control, perturb and observe, and
incremental conductance are the most popular methods to track the maximum power point
tracking. As a matter of fact, many systems have combined methods, for example, using the open
circuit voltage (OV) to find the starting point for the iterative methods such as Perturbation and
Observation or Incremental. The levels of irradiance play an important part in changing from one
scheme to another. For example, at low levels of irradiance, methods like open circuit voltage
and short circuit current could be more suitable as they can be more noise immune. When the
cells are connected in a series, the iterative methods can be a preferable solution. When a portion
of the string is partial shade, search algorithms are needed [12].
In general, the accurate method is better than the fast because fast methods tend to
bounce around the maximum power point due to noise present in the power conversion system.
Of course, an accurate and fast method would be preferred, but the cost of implementation needs
to be considered.
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Figure 4.2: MPPT technique with solar cell. [12]
4.2 Neural Network
Neural networks are another technique for implementing MPPT, which is also well
adapted for microcontrollers. Neural networks usually have three layers, which are input, hidden,
and output layers. The input variable can be PV array parameters such as VOC and ISC.
Additionally, it can be atmospheric data like irradiance and temperature. The output is
commonly one or several reference signals like a duty cycle signal.
4.3 Open Circuit Voltage
The Open Circuit Voltage (OV) method for MPPT control is based on measured terminal
voltage and PV arrays. Generally, the OV technique uses 76% of the open circuit voltage OV as
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the optimum operating voltage VOP. By measuring the open circuit voltage in real-time, the
maximum power point of the PV array can be estimated with the predefined PV I-V curves. It is
important to introduce a static switch into the PV array for the OV method. The switch has to be
connected in series to open the circuit. When IPV = 0, the PV system supplies no power. The
features of this approach are a relatively fast response and no oscillations in a steady state [37].
4.4 Short Circuit Current
The short circuit current method employs a value of ISC to estimate IMP. This method uses
a short load pulse to generate a short circuit condition. Indeed, it is important to observe that
during the short circuit pulse, VPV equal zero. Consequently, no power is supplied by the PV
system and no energy is generated. Therefore, the power conversion circuit must be powered
from some other source. To create the short circuit condition, it is necessary to introduce a static
switch in parallel with the PV array. In fact, the optimum operating current IOP for maximum
output power is proportional to the short circuit current ISC under various conditions of irradiance
level G as follows:
IOP (G) = k. ISC (G)
Where k is a proportional constant. One advantage of this technique is the tolerance for input
capacitance compared to the VOC method [37].
4.5 Fuzzy Logic Control
A fuzzy logic control (FLC) is used to control the maximum power point tracking for a
photovoltaic (PV) system. The FLC technique harnesses the fuzzy logic control to specify the
size of incremental current in the current command of MPPT. Hence, the convergence time of
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the maximum power point (MPP) of the FLC algorithm is better than the Perturb and Observe
(P&O) algorithm. That is why the FLC algorithm is used to enhance the performance of the P&O
algorithm. Moreover, the FLC can handle nonlinearity and work with imprecise inputs [35].
4.6 Perturb and Observe (P&O)
Perturb and observe (P&O) is one of the most straightforward and popular techniques of
MPPT. In this technique, only one sensor is used, which is the voltage sensor, to sense the PV
array voltage. Therefore, the cost of implementation is reduced and, hence, is easy to implement.
The main aim of this method is to boost the system to work in a direction. The P&O algorithms
operate by perturbing the array terminal voltage or current. After that, the P&O algorithms
compare the PV output power with the previous perturbation cycle. This equation below
describes the change of power, which elucidates the strategy of the P&O technique.
Δ𝑃 = 𝑃𝑘−𝑃𝑘−1
(𝑃𝑘) = The new point of the power , (𝑃𝑘−1) = The old point of the power
By comparing the new power point with old power point we can get the new maximum power
point.
If the resulting change in power is positive, then the system is going in the direction of
MPP and will keep the direction of the incremental current as the same direction. If the change in
power is negative, the system will change the direction of incremental current to the opposite
direction, and it is going away from the direction of MPP. This method works well when the
radiation and temperature conditions change slowly. However, the P&O method fails to track
MPP when the atmospheric condition is rapidly changed. A common problem in P&O
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algorithms is that the array terminal voltage is perturbed every MPPT cycle. Therefore, to avoid
this problem we can use an incremental conduction method [35].

Figure 4.3: Flowchart of Perturb and Observe (P&O) methods.
4.7 Incremental and Conductance
The incremental conductance(IC) method employs two sensors, which are voltage and
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current of the PV array. At MPP, the slope of the PV curve is zero. Indeed, the purpose of the
incremental conductance method offers a good performance and takes account of the rapidly
changing atmospheric conditions. The incremental conductance method is based on the fact that
the slope of the PV array power is zero at the MPP, positive on the left of the MPP, and negative
on the right, as given by
dP/dV = 0 , at MPP
dP/dV > 0 , left of MPP
dP/dV < 0 , right of MPP

Δ I/Δ V = − I/V, at MPP
Δ I/Δ V > − I/V, left of MPP
Δ I/Δ V < − I/V, right of MPP

Where V and I represent the PV array output current and voltage, respectively. The lefthand side of equations represents incremental conductance of PV module, and the right-hand
side represents the instantaneous conductance cycle. Comparing the incremental conductance
(ΔI/ΔV) to the instantaneous conductance (I/V), as shown in the flowchart in Figure 4.4 used to
track the MPP, the operation of the PV array is maintained once the MPP has been reached
unless a change in ΔI is noted [36].
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Figure 4.4: Flowchart of Incremental conductance method.
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Table 4.1
Characteristics of Different MPPT Techniques
MPPT technique

Convergence

Implementation

Periodic

Sensed

speed

Complexity

tuning

parameters

Neural Network

Fast

High

Yes

Varies

Open Circuit Voltage

Medium

Low

Yes

Voltage

Short Circuit Current

Medium

Medium

Yes

Current

Fuzzy Logic Control

Fast

High

Yes

Varies

Perturb and Observe

Varies

Low

No

Voltage

Incremental

Varies

Medium

No

Voltage &

Conductance

Current

4.8 DC-DC Converters
DC-DC converters are used for converting one level of DC input voltage to another level
of DC output voltage. The DC-DC converter contains an inductor, capacitors, and switches. A
DC-DC converter interfaced with a PV system is extremely important because we needed a good
converter. These converters play a significant role in the charge controller, MPP trackers, and PV
interface with the load.
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Figure 4.5: DC-DC converter with the PV interface. [24]
The three primary DC-DC converters that are commonly used in PV systems are buck,
boost, and buck-boost converters, respectively as shown in Figure 4.6. The parameters of each
topology can be described by the parameters listed in Table 4.1.

Figure 4.6: DC-DC converters diagram commonly used: a) boost; b) buck; c) buck-boost. [24]
• In a boost converter, DC input voltage is a smaller amount than the DC output
voltage. That means the PV input voltage is less than the required load voltage in a
system.
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•

In a buck converter, the DC input voltage is larger than the DC output voltage.
That means the PV input voltage is larger than the required load voltage in the
system [24].
4.8.1 Buck-Boost Converter

A buck-boost converter is a DC-to-DC power converter and can step up or step down the
output voltage from the source voltage. The buck-boost DC-to-DC converter is the most
important type of switching regulator. In this converter, two different topologies, which are the
buck and boost converter topologies, are combined into one converter. The output voltage is
adjustable by varying the duty cycle of the switching transistor. The duty ratio (D) is defined as
the ratio of the time of the switch to the total switching period. When the duty cycle is less than
50%, the buck-boost converter steps down the voltage. When it is greater than 50%, the buckboost converter steps it up. Even though there are a lot of advantages of a buck-boost converter,
there is one possible drawback of this converter, which is the switch does not have a terminal at
ground [24].

Figure 4.7: DC-DC Buck-boost converter.
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4.7.1.1 Mode 1 Operation of the Buck-Boost Converter
While in the On-state, the input voltage source is directly connected to the inductor (L).
This results in accumulating energy in L. In this stage, the capacitor supplies energy to the output
load.

Figure 4.8: On-state operation of a buck-boost converter.
4.7.1.2 Mode 2 Operation of the Buck-Boost Converter
While in the Off-state, the inductor is connected to the output load and capacitor.
Therefore, energy is transferred from L to C and R.

Figure 4.9: Off-state operation of a buck-boost converter.
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4.7.2 Buck-Boost Converter With MPPT
Maximum power from the PV panel can be accomplished by incorporating an intelligent
mechanism to change the load resistance noticed from the PV panel. Power converters are used
to modify operating conditions to achieve the maximum power point. Figure 4.10 represents the
incorporation of a buck-boost converter into a PV system. Adjusting the duty ratio of the power
switches of the converter controls the input voltage. The relationship of the voltage and current at
the load terminal and those at the PV panel under steady-state conditions are listed below in the
case of buck-boost converter is operating in the continuous conducting mode with 100%
efficiency.
V! =

D
1−D
V!" ; I! =
I
1−D
D !"

The load resistance will be expressed based on Ohm’s law as:
R! =

V!
D ! V!"
=(
)
I!
1 − D I!"

Thus, the equivalent resistance observed from the PV panel, denoted as RPV, is:
R !" =

V!"
1−D !
=(
) R!
I!"
D

This equation implies that for a particular load resistance RL, the equivalent resistance RPV
counts on the duty ratio of the buck-boost converter. Therefore, we may adjust the duty ratio D
to attain maximum power transfer from the PV panel through an optimal mechanism. Figure 4.11
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depicts the power characteristics of the PV system. Also, it shows the power received at the load
terminal with different duty ratios for the power switches of the converter [29].
The power developed at the load terminal is:
D
!
V! ! (1 − D V!" )
D ! V!" ! V!" !
P! =
=
=(
)
=
R!
R!
1 − D R!
R !"

Figure 4.10: PV system with buck-boost converter incorporated. [29]
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Figure 4.11: P-V characteristics of the PV system while changing of duty cycle. [29]

CHAPTER 5
SIMULATION AND RESULTS
In this chapter, the circuit and the components used in the MATLAB/Simulink will be
discussed. The following graph shows all the components (Figure 5.1) used in the simulation.

Figure 5.1: The main circuit for the system.
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This system consists of PV arrays connected in series or in parallel, single diode
connected in parallel with every PV panel, Maximum Power Point Tracking, a buck-boost
converter, and lastly resistance load. Every component will be discussed in this chapter. In
addition, the two methods, which are connected the panels in series and parallel will be
implemented.
5.1 PV Panel
5.1.1 Characteristic:

Figure 5.2: Type of PV array that used in simulation is 1Soltech 1STH-215-P.
This graph above shows the characteristics of the panel used in the simulation. Each
panel consists of 60 cells. The maximum power was 213.15 W, the voltage at the maximum
power was VMP (V)= 29 V, and the current at the maximum power was IMP (I) =7.35 A. The open
circuit voltage is 36.3 V, and the short circuit current is 7.84 A. The shunt resistance is 313.399
ohms, and the series resistance is 0.3938 ohms.
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Table 5.1
Characteristics of PV Module

No.
1

Parameters
Rated Power

Single Cell
3.55 W

Module
213.15W

2

Voltage at maximum
Power (VMP)
Current at maximum
power (IMP)
Open circuit voltage
(VOC)
Short circuit current
(ISC)

0.48 V

29V

0.1225 A

7.35A

0.61 V

36.6V

0.1306 A

7.84A

3
4
5

Figure 5.3: I-V and P-V characteristic of PV array.
It can be seen from Figure 5.4 that connecting four panels together in series at constant
irradiations G=1000 W/m2 and constant temperature T= 25 Co will track the real MPP of the
panels. Therefore, the number of panels that are connected together in series will multiply by the
maximum voltage for a single panel, which is 29V. As a result, the output voltage of the panels
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is 116 V, the output current of the panels is 7.35 A, and the power output of the panels is 852.6
W.

Figure 5.4: I-V and P-V characteristics of 4 panels connected in series.
It can be noticed that the voltage increases because the panels connected in series. Hence, the
power increases proportionally to the voltage. However, the current remains at the same value.

Figure 5.5: I-V and P-V characteristics of 4 panels connected in parallel.
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It can be seen that when the panels connected in parallel the voltage remains at the same value.
However, the current increases relatively to the number of panels.

Figure 5.6: I-V and P-V characteristics of the panel at constant temperature and at different
irradiation value at G= 1000, 800, 600, 200 W/m2.
As we can see above, when the irradiations are varying from 1000 W/m2 to 200 W/m2,
the voltage is slightly affected. On other hand, the current will reduce proportionally to the
reduction of the irradiations. As a consequence, the power of the panel will reduce due to the
reduction in the current.
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Figure 5.7: I-V and P-V characteristic of panel at constant irradiations and different temperature
at 25 C, 50 C, 75 C, and 100 C, respectively.
It is worth noting that when the irradiation is constant at 1000 W/m2 and the temperature is
varying from 25 C to 100 C, the voltage will be influenced because of the changing temperatures.
However, the current will not completely affected by the changing of temperature. As a
consequence, the power of the panel will reduce due to the reduction in the voltage.
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5.2 Maximum Power Point Tracking (MPPT)

Figure 5.8: MPPT diagram.
Figure 5.8 shows the block diagram of the MPPT used in a MATLAB Simulink
Simulation. It has three inputs, which are the current, voltage, and the clock. It produces the
power of the panel and the duty cycle that goes to the buck-boost converter.

Figure 5.9: Design inside the MPPT algorithm with duty cycle.
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It can be seen from the above graph that the algorithm used in the simulation to track the
real maximum power point is Perturb and Observation. The code used for controller is listed
below.
function D = PO(V,I,T)
persistent P2 P1 dP d dd n;
if isempty(V)
V=29;
end
if isempty(I)
I=0;
end
if isempty(P2)
P2=0;
end
if isempty(P1)
P1=0;
end
if isempty(dP)
dP=0;
end
if isempty(d)
d=1;
end
if isempty(dd)
dd=0;
end
if isempty(n)
n=1;
end
%%%%%%%%%%%%%%%%%%%%%
if (T > n*0.02) %chu ki lay mau 0.02s
n = n + 1;
P1=P2;
P2=V*I;
dP=P2-P1;
if (dd==0)
if dP>1
dd=0.009;
d=d+dd;
else
if dP<-1
dd=-0.009;
d=d+dd;
else
dd=0;
end
end
else
if ((dP<1)&&(dP>-1))
dd=0;
d=d+dd;
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else
if ((dP/dd)>0)
dd=0.009;
d=d+dd;
else
dd=-0.009;
d=d+dd;
end
end
end
end
D=d/(d+1);
if D<0.1
D=0.1;
d=D/(1-D);
else
if D>0.9
D=0.9;
d=D/(1-D);
else
end
end
end

This code has all the commands that play a significant role in tracking the real maximum power
point and adjusting the oscillation of the output power of the system. Moreover, it can recognize
the differences between the old power and the new one. In addition, it has the capability of
adjusting the added ration of the duty cycle that goes to the buck-boost converter.

Figure 5.10: Buck-boost converter.
The buck-boost converter has the ability to step the output voltage up and down. In fact,
it has the main components for designing the circuit, such as the capacitor, inductor, switching
frequency, control signal, filter, and MOSFET switch. The switching frequency used in this
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circuit is 𝐹! = 300𝐾𝐻𝑧. The capacitor (C) and inductor (I) used in this circuit are 200 uF, 328.56
uH respectively.
5.3 4 Panels Connected in Series with Constant Temperature

Figure 5.11: 4 panels connected in series with G= 1000 W/m2 and T= 25C.
Four panels were connected in series with constant irridiations and temperature, and with
a single diode for every single panel.

Figure 5.12: Waveforms of the output power of the panel (blue )and the system (red) based on
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system in Figure 5.11.
The maximum power point for the 4 panels show above is 852.6W. It can be observed
from the figure above that the output power of the panels is 852.9W, and the output of the system
is 850.3W. The losses of the output power of the system can be explained by switching losses in
the high frequency PWM switching circuit and the inductive and capacitive losses in the buckboost converter circuit. Therefore, it was seen that using the P&O MPPT technique increased the
efficiency of the photovoltaic system. As a consequence, the efficiency is very high, equaling
99.7%. The oscillation is a little high because of the change in the duty ratio that added to the
new duty cycle, which is 0.05.

Figure 5.13: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.11.
It can be noticed from Figures 5.13 that the output power of the panel and the system reach the
steady state in a quick time comparing to Figure 5.12. However, the oscillation in this graph is
reduced due to the decrease in the duty ratio that added to the new duty cycle, which is 0.009,
and the efficiency of the system is still very high.
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Figure 5.14: 4 panels connected in series with one panel irradiated with 700 W/m2 while the
other three panels are irradiated with 1000 W/m2 and constant temperature.

Figure 5.15: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.14.
As shown in the Figures 5.14 and 5.15, when the shadow hits the first panel by
G=700W/m2, the output of the panel and the system are obviously affected. The expected output
of the panels after the effect of partial shading has to be 788.655W. However, the result of the
output panels becomes 635.2 W, and the output of the system is 624.1 W. The duty cycle is D=
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0.5652. The efficiency is very high, which is 98.25%. The oscillation is really high due to the
duty ratio added to the new duty cycle, which equals 0.05.

Figure 5.16: 4 panels connected in series with one panel irradiated with 700 W/m2 while the
other three panels are irradiated with 1000 W/m2 and constant temperature.

Figure 5.17: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.16.
As shown in Figures 5.16 and 5.17, when the shadow hits the first panel by G=700 W/m2,
the output of the panel and the system are influenced. The expected output of the panels after the
effect of partial shading has to be 788.655W. However, the result of the output panels becomes
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667.2W, and the output of the system is 661.2W. The efficiency is still very high, which is
99.1%. Moreover, the oscillation is better than before because of the change in the duty ratio,
which is 0.009, and the output results reaches the steady state in a quick time.

Figure 5.18: 4 panels connected in series with one panel irradiated with 800 W/m2 while the
other three panels are irradiated with 1000 W/m2 and constant temperature.

Figure 5.19: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.18.
As shown in Figures 5.18 and 5.19, when the shadow hits the first panel by G=800 W/m2,
the output of the panel and the system are affected. The ideal output of the panels after the effect
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of shadow has to be 809.97W. However, the result of the output panels is 727.8W, and the output
of the system is 720.7W. The efficiency is still very high, which is 99.02 %. The oscillation is
really high due to the duty ration added to the new duty cycle, which equals 0.05. The duty cycle
that obtained is D = 0.4872.

Figure 5.20: 4 panels connected in series with one panel irradiated with 800 W/m2 while the
other three panels are irradiated with 1000 W/m2 and constant temperature.

Figure 5.21: Waveforms of the output power of the panel (blue )and the system (red) based
on system in Figure 5.20.
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As shown in Figures 5.20 and 5.21, when the partial shading hits the first panel by G=800
W/m2, the output of the panel and the system are affected. The expected output of the panels
after the effect of shadow has to be 809.97W. But, the result of the output panels turns out to be
746.2W, and the output of the system is 727W. The efficiency is noticed very high, which is 97.4
%. The oscillation is totally reduced because of the duty ration that added to the new duty cycle,
which equals 0.009. The duty cycle obtained is D = 0.4932

Figure 5.22: 4 panels connected in series with one panel irradiated with 900 W/m2 while the
other three panels are irradiated with 1000 W/m2 and constant temperature.

Figure 5.23: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.22.
As shown in Figures 5.22 and 5.23, when the partial shading hits the first panel by G=900 W/m2,
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the output of the panel and the system are influenced. The ideal output of the panels after the
effect of shadow has to be 831.285W. However, the result of the output panels becomes 811.1W,
and the output of the system is 803.1W. The efficiency is very high, 99.01 %. The oscillation is
minimized because of the duty ratio added to the new duty cycle, which equals 0.009. The duty
cycle obtained from the circuit is D= 0.5131. The current of the shaded panel is 6.917 A, and the
output voltage of the panel (Vo) is 117.3 V.

5.4 4 Panels Connected in Series with Constant Irradiations

Figure 5.24: 4 panels connected in series with constant 1000 W/m2 irradiation and 10 C
temperature.
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Figure 5.25: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.24.
As shown in Figures 5.24 and 5.25, when the shadow is constant and the temperature is variable
with the value T= 10C. The output of the panels and the system are affected inversely. When the
temperature decreases, the voltage will increase and vice versa. The expected output of the panel
after the effect of the temperature turns out to be 852.6 W. However, the result of the output
panel becomes 863.3 W, and the output of the system is 823.8 W. The efficiency is very high,
which is 95.4 %. The oscillation is really high due to the duty ration that added to the new duty
cycle, which equals 0.05, and the duty cycle is D= 0.5122. The current of the panel that affected
by temperature is 7.297 A, the output voltage of the panel that affected of the temperature is
30.91 V, and the output voltage of the 4 panels (Vo) is 118.4 V.
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Figure 5.26: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.24.
As shown in Figures 5.26, the oscillation is reduced due to the duty ration added to the new duty
cycle, which equals 0.009, and the output of the 4 panels with output of the system reach the
steady state in a quick time. The duty cycle is obtained D= 0.5074. The current of the panel that
affected by the temperature is 6.762 A, the output voltage of the panel that affected by the
temperature is 32.48 V, and the output voltage of the 4 panels (Vo) is 118.4 V.
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Figure 5.27: 4 panels connected in series with constant 1000 W/m2 irradiation and 10 C
temperature.

Figure 5.28: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.27.
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As shown in Figures 5.27 and 5.28, when the irradiations is constant and the temperature is
variable with the value T= 50 C. The output of the panels and the system are affected inversely.
When the temperature increases, the voltage will decreases and vice versa. The results show the
output voltage decreased due to the increasing of temperature. Consequently, the output of the
panels and the system decreased. The output power of the panels become 789.1 W, and the
output of the system is 770.4 W. The efficiency is very high, 97.6 %. The current of the panel
that affected by temperature is 6.555 A, , and the output voltage of the panel that affected of the
temperature is 27.6 V.

5.5 2 Panels Connected in Parallel and 2 Panels Connected in Series with Constant Temperature

Figure 5.29: 4 Panels two of them connected in parallel and two in series with one panel
irradiated at 800 W/m2 and the other three at 1000 W/m2.
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Figure 5.30: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.29.
The ideal output power should be 809.97W. The irradiations are G= 800W/m2. The output of the
panels is 781.8W, and the output of the system is 724.3W. The current in the two panels
connected in series is 6.024A, and that is due to the shadow. However, the current in the two
panels connected in parallel with them is 7.01A. The duty cycle is 0.4845. The added ratio is
0.02. The resistance load is 4 ohm. The efficiency is 92.6%.

Figure 5.31: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.29.
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The duty cycle is 0.5067, and the ∆𝐷 = 0.009. The oscillation is almost eliminated because of
the reduction in the duty cycle ratio.

Figure 5.32: 4 panels two of them connected in parallel and two in series with G=700 W/m2 in
one panel while the other three panels had G= 1000 W/m2 and constant temperature.

Figure 5.33: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.32.
The ideal output power should be 788.655W. The output of the panels obtained is 741.4W, and
the output of the system is 698.9W. The current in the two panels connected in series is 5.407A,
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and this reduced due to the shadow effect. However, the current in the two panels connected in
parallel with them is 7.289A. The duty cycle is 0.4845. The added ratio is 0.02. The resistance
load is 4 ohm. The oscillation is noticeably high. The efficiency is 94.2%.

Figure 5.34: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.32.
The duty cycle is 0.5067, and ∆𝐷 = 0.009 . The oscillation is almost eliminated because of the
reduction in the duty cycle ratio.
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Figure 5.35|: Panels two of them connected in parallel and two in series all with G=1000 W/m2
and constant temperature.

Figure 5.36: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.35.
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The expected output power should be 852.6W. The output of the panels is 852.3W, and the
output of the system is 785.1W. The current in the four panels are 7.35A. The duty cycle is
0.5098. The added ratio is 0.02. The resistance load is 4 ohm. The efficiency is 92.1%.
5.6 2 Panels Connected in Parallel and 2 Panels Connected in Series with Constant Irradiations

Figure 5.37: 4 Panels two of them are connected in parallel and two in series with T= 25C in all
panels.
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Figure 5.38: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.37.
As shown in Figures 5.37 and 5.38, when both the shadow and temperature are constant, the
output of the panels and the system are closed to the maximum power of the panels. The
expected output power of the panels is 852.6 W. The result of the output panels after simulation
becomes 851.7 W, and the output of the system is 802.5 W. The efficiency is very high, which is
94.2 %.
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Figure 5.39: 4 Panels two of them are connected in parallel and two in series with one panel at
T= 10C.

Figure 5.40: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.39.
As it can be seen in Figures 5.39 and 5.40, when the shadow is constant and the temperature is
variable with the value T= 10C on one panel. The output of the panels and the system are
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affected inversely. When the temperature decreases, the voltage will increase and vice versa. The
output results of the panels after the effect of the temperature turn out to be 866.9 W, and the
output of the system is 811.5 W. The efficiency is very high, which is 93.6 %.

Figure 5.41: 4 Panels two of them are connected in parallel and two in series with T= 50C in one
panel.
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Figure 5.42: Waveforms of the output power of the panel (blue )and the system (red) based on
system in Figure 5.41.
As shown in Figures 5.41 and 5.42, when the shadow is constant and the temperature is variable
with the value T= 50C. The output of the panels and the system are affected inversely. The
output result of the panels after the effect of the temperature is 822.1 W, and the output of the
system is 775.2 W. The efficiency is very high, which is 94.4 %.

Table 5.2
Comparison the Output Results of the Panels between the Series and Parallel
Irradiations

Series with T= 25C

Parallel with T= 25C

G= 1000 W/m2

852.5 W

852.3 W

G= 800 W/m2

727.8 W

781.8 W

G= 700 W/m2

635.2 W

741.4 W

Irradiations

Series with T= 10C

Parallel with T= 10C

G= 1000 W/m2

863.3 W

866.9 W

Irradiations

Series with T= 50C

Parallel with T= 50C

G= 1000 W/m2

789.1 W

822.1 W

From the table above, it can be noticed that two factors can affect the connecting of 4 panels in
parallel and series, which are irradiations and temperature. Connecting of 4 panels in parallel
gives better results than connecting them in series. Moreover, when the irradiation decreases, the
output power of the panels decreases drastically. In the other hand, when the temperature
decreases, the output power of the panels increases.

CHAPTER 6
6.1 Conclusion
My thesis has presented detailed solar photovoltaic power system technology starting
with solar cell device physics and its principles of operation and moving to solar cell efficiency
and sources of loss to how to mitigate the losses. Based on this research and judging from the
outstanding breakthroughs that have been made in the technology of solar cells in the last couple
of decades, the future trend looks optimistically bright for solar photovoltaic applications. The
ongoing technology and research will no doubt transform solar energy from niche to mainstream
in the very near future. Other factors that are catalysts to transforming this renewable source of
energy are the increasing cost of fossil fuel and climate change awareness.
In partially shaded conditions, as there are several local maxima values on the P-V curve,
a conventional MPPT algorithm usually tends to follow less than the real MPP and causes
significant power loss. A PV system model was established. It has a quick response and good
performance. Even if some parts of the PV module are under partially shaded conditions or
sunlight is rapidly changing the circumstances, a PV system can quickly work at MPP.
Indeed, this thesis has provided various ways to improve the efficiency of a solar power
system from the solar cell structure to the array to the DC-DC inversion. To convert the solar
energy efficiently, the MPPT algorithm for photovoltaic systems based on P&O algorithm has
been presented. Most of the MPPT algorithms were reviewed, which can find the real MPP.
After all the results, it is easy to notice that the best algorithm is the modified P&O. For
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simplicity and effectiveness, P&O was selected for further analysis. Its performance and
dynamic MPPT efficiency were studied. The above conclusions are based on simulations.
An existing buck-boost converter simulation with a Perturb and Observe MPPT method
was implemented in MATLAB-SIMULINK. The MPPT method simulated in this paper was able
to simultaneously improve the dynamic and steady state performance of the PV system. Through
simulation, it was observed that the system completed the maximum power point tracking
successfully despite the fluctuations. When the external environment changed suddenly, the
system could track the maximum power point. The plots obtained in the different scopes are
shown in Chapter 5. There was a small loss of power from the solar panel to the buck-boost
converter output. This can be attributed to the switching losses and the losses in the inductor and
capacitor of the buck-boost converter, which can be seen from the plots of the respective power
curves. Therefore, it was seen that using the Perturb & Observe MPPT technique increased the
efficiency of the photovoltaic system.
The two factors that affected the performance of solar PV array, which are irradiations
and temperature, are discussed in this thesis. The results represent that changing the irradiations
affects only the current of I-V curve proportionally. However, changing the temperature impacts
the voltage value in I-V curve inversely.
The comparison between connecting panels in series and parallel is discussed in Chapter
5. The results show that connecting the panels in parallel demonstrated better results compared to
the panels connected in series. When the panels are connected in series and the partial shading
hits one of them, the partial shading will affect all of the panels because they have the same
current. That means, the output power of the panels will be influenced. On the other hand, when
the partial shading hits one panel of a group of panels connected in parallel, the effect of this
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shading will not affect all of the panels because they have different current.
6.2 Future Work
In the future, when thinking about how to combine two panels, it would be worthwhile
for one of them to be affected by a partial shading condition and the other to be under normal
conditions.
Moreover, it would be worthwhile to consider a group of panels connected in series when
one of them is affected by shading and the voltage goes beyond zero, which causes the loss of
the output power.
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